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INTRODUCTION 
Chemical constituents are continuously added to the atmosphere through natural processes 
and by human activities. Various monitoring networks, such as the National Atmospheric 
Deposition Program / National Trends Network (NADP/NTN), which has operated since 1978, 
have directed their efforts toward the quantification of the chemistry of wet-only deposition. 
Studies such as Sisterson et al. (1985) and Bowersox et al. (1990) have analyzed the sampling 
protocol employed in the various networks. In particular, the comparison between daily sampling 
(replace bucket after each event) and weekly sampling (replace bucket once a week) have been 
studied. The focus of these activities was to identify chemical differences resulting from temporal 
changes in sample collection. This report describes a controlled experiment to compare the 
chemical composition of daily and weekly samples. This experiment was conducted from January 
1985 through February 1987 at an NADP site in central Maryland (designated MD03). 
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EXPERIMENTAL METHOD 
This field study was designed to identify differences in the chemistry of NADP/NTN 
weekly and daily precipitation samples and to isolate the cause of the differences associated with 
sampling period length. Both weekly and daily samples were collected at the same site, both were 
collected with virtually identical wet deposition collectors, bom were handled using the same 
field collection and laboratory procedures, and both were analyzed at the same facility, the 
Central Analytical Laboratory (CAL) of the National Atmospheric Deposition Program at the 
Illinois State Water Survey (ISWS). 
Daily samples were collected each morning after precipitation occurred, and weekly 
samples were collected every Tuesday morning. To compare one or more daily samples 
unambiguously with a weekly sample, a daily sample was also collected every Tuesday, whether 
or not precipitation had occurred. NADP procedures were employed both in the field and at the 
CAL. Samples were sealed in the collection container, a 3.5-gallon polyethylene bucket, and sent 
by surface mail to the CAL. Upon arrival at the CAL, the precipitation was passed through a 
filter with 0.45-micron pores to remove insolubles from the sample and to stabilize the inorganic 
ions in solution. Sample filtration, the only sample preservation step taken, was completed within 
72 hours of arrival at the CAL. This standard protocol has been used for NADP/NTN samples 
since 1978. 
Figure 1 shows the location where the study was conducted. Figure 2 is the site plan 
showing the specific locations of the NADP weekly and ISWS daily (or intercomparison) 
samplers. Location of the sampling equipment and separation of the equipment from surrounding 
obstructions met the NADP/NTN criteria for site installation. Both collectors were linked 
electronically, so that their open/close cycles would be nearly synchronized. Correct operation 
of the collectors was checked against the occurrence of precipitation by careful reviews of the 
precipitation gage record and the collector open/close record. Analog traces of these two records 
were captured on the precipitation gage chart, on which precipitation depth was resolved as a 
function of time. Results of this study were limited to uncontaminated, wet-only deposition 
samples. 
To test this experimental design for biases, weekly samples were compared to daily 
samples for which the sampling period was one week. Recall tiiat the daily sample was taken on 
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Figure 1. Site location 
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Figure 2. Site layout 
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the morning after precipitation occurred or on Tuesday morning, whichever came first During 
weeks with no precipitation or when precipitation did not occur until Monday, the daily sample 
was collected on Tuesday. In these cases, the sampling periods for daily and weekly samples 
were both one week. Because the sampling periods were virtually identical, the concentration 
measurements and sample volumes should have been the same. 
Daily samples that were complete one-week samples were compared to the corresponding 
weekly measurements. Table 1 lists the concentrations of the set of one-week daily and weekly 
samples that were compared. Both the mean, with its standard error (S.E.), and the median 
concentrations are tabulated. For the eight conservative cations and anions reported (SO42-, NO3-, 
Cl-, NH4+, Ca2+, Mg2+, Na+, and K+), the coefficient of variation (COV) of the mean [=100 percent 
(standard error/mean)] ranged from 19 to 41 percent, except for daily K+ measurements (282 
percent). These large COVs indicate the highly variable nature of the concentrations in this small 
intercomparison data set. Further, tests of the null hypothesis (Ho) — that the mean differences 
in the paired data set were zero — showed that at the 5 percent significance level, this hypothesis 
could not be rejected for any measurement. Both parametric (t-test) and nonparametric 
(Wilcoxon) tests consistently showed that these eight samples were not significantly different. 
This suggests that there was no bias in the design of the experiment. 
In a final test for biases in the experimental design, the analyte masses and sample 
volumes in the one-week daily and weekly samples were compared. Analyte masses were 
calculated as the product of the measured concentration and the measured liquid volume of each 
sample. Results of the mean and its standard error and the median are presented in table 2. As 
for the concentration data, the COVs are large (25-56 percent), and the respective daily and 
weekly means and standard errors overlap for each variable tested. Furthermore, Ho could not be 
rejected at the 5 percent level using either parametric or nonparametric tests. 
Tests of the experimental design showed no biases based on the subset of all precipitation 
samples in which the daily sampling period matched the weekly sampling period. 
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Table 1. Test for Experimental Design Bias 
Concentration Analysis 
Mean ± S.E. 
and median 
Daily 
measurements 
Weekly 
measurements 
pH 
(pH units) 
4.27 ± .16 
4.37 
4.18 ± .15 
4.12 
Conductivity 
(micros/cm) 
59.36 ± 11.43 
45.1 
60.54 ± 11.58 
51.4 
Sulfate 
(mg/L) 
7.88 ± 2.85 
5.26 
6.01 ± 1.24 
5.56 
Nitrate 
(mg/L) 
5.23 ± 1.53 
4.25 
4.25 ±.80 
4.51 
Chloride 
(mg/L) 
1.36 ± .58 
.81 
1.45 ± .50 
.90 
Ammonium 
(mg/L) 
1.08 ± .40 
.75 
.60 ± .19 
.57 
Calcium 
(mg/L) 
.636 ± .204 
.497 
.508 ± .147 
.407 
Magnesium 
(mg/L) 
.199 ± .063 
.120 
.160 ± .041 
.104 
Sodium 
(mg/L) 
.747 ± .307 
.394 
.740 ± .284 
.451 
Potassium 
(mg/L) 
.087 ± .245 
.075 
.067 ± .019 
.054 
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Table 2. Test for Experimental Design Bias 
Mass Analysis 
Mean ± S.E. 
and median 
Daily 
measurements 
Weekly 
measurements 
Volume 
(mL) 
174.0 ± 85.3 
34.5 
176.7 ± 86.5 
34.9 
Hydrogen 
(mg) 
.015 ± .005 
.013 
.017 ± .007 
.013 
Sulfate 
(mg) 
1.12 ± .29 
1.07 
1.04 ± .28 
1.02 
Nitrate 
(mg) 
.80 ± .21 
.80 
.76 ±.21 
.81 
Chloride 
(mg) 
.27 ± .15 
.08 
.31 ± .13 
.14 
Ammonium 
(mg) 
.16 ± .06 
.12 
.12 ± .05 
.09 
Calcium 
(mg) 
.072 ± .021 
.046 
.064 ± .016 
.053 
Magnesium 
(mg) 
.031 ± .014 
.018 
.025 ± .008 
.019 
Sodium 
(mg) 
.158 ± .080 
.051 
.142 ± .061 
.061 
Potassium 
(mg) 
.015 ± .007 
.009 
.012 ± .004 
.008 
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RESULTS 
Summary of Previously Published Studies 
Results from published studies similar to this study were compared. The influence of 
sampling interval on chemical concentrations and depositions was found to be inconsistent. In 
general, the experimental designs of these studies lacked one or more of the controls included 
in the design of this study. Further, no explicit tests of design bias were reported in these 
accounts. That the results are inconsistent and difficult to compare is, perhaps, due to design 
biases, sampling protocols, or the approach used to summarize the results. 
Table 3 summarizes the key design features and results of previously published studies. 
The Sisterson et al. study (1985), which took place from April 1980 until March 1982, was most 
similar to this study. It is clear from the table that the weekly magnesium measurements were 
much higher than in tins study, while the daily ammonium measurements were higher by about 
me same percentage. Measurements for K+, Na+, and Cl- were not included in the analysis 
because of blank and analytical difficulties. 
The Topol et al. study (1986) compared daily and weekly sampling protocols at three sites 
in the Utility Acid Precipitation Study Program (UAPSP) network from October 1983 until 
October 1984. The samples containing ≤0.51 millimeter (mm) were discarded due to insufficient 
volume; however, the remaining daily samples were still compared to the weekly samples. The 
study reported here, however, addresses the problem of low-volume samples. 
The Madsen study (1982) lasted one year and was conducted in Florida. Results from both 
biweekly and daily sampling were compared to the weekly measurements, as seen on table 3. The 
normalized mass differences are similar to the results from the study reported here with daily 
NH4+ masses much larger than the weekly values; however, these differences are statistically 
significant in this study, while they were not in the Madsen study. 
The dePena analysis took place in central Pennsylvania from March 1981 until June 1983. 
Sample handling, storage, and analysis procedures followed the Multistate Atmospheric Power 
Production Pollution Study (MAP3S) program. The sample collectors were not set to open and 
close together, as they were in the other studies. Many data points were rejected due to low 
sample volume or to the application of the Chauvenet criterion, which removes outliers. The 
results of this study were different in direction from the other studies: daily measurements were 
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Table 3. Literature Review Summary 
Paper 
author 
S 
t 
a 
t 
e 
Normalized mass differences 
[(weekly - daily)/(daily)] 100% 
M 
o 
n 
t 
h 
s 
A 
e 
r 
o 
c 
h 
e 
m 
I 
n 
s 
y 
n 
c 
S 
a 
m 
e 
l 
a 
b 
Handling 
procedures 
Ca2+ Mg2+ NH4+ NO3- SO42- Na+ K+ Cl-
Sisterson 1 
1 
-1.35 * 43.59 -26.0 2.74* 8.36 23 Y Y N weekly 
NADP ** 
Topol G 
a 
11.5 5.1 * 4.5 7.1 * 4.2 * 8.1 * -7.2 3.5 12 Y N Y UAPSP 
Topol K 
s 
10.3 12.1 0.1 2.9 1.7 0.5 20.4 -1.6 12 Y N Y UAPSP 
Topol V 
t 
7.8 10.6 * 2.4 -0.3 1.8 3.0 33.8 0.7 12 Y N Y UAPSP 
1SWS M 
d 
25 Y Y Y NADP 
Madsen F 
1 
12.0 8.0 -18.0 3.0 8.0 8.0 * 0.0 * 4.0 12 Y N Y 
dePena P 
a 
-23.8 -25.0 -8.94 -11.5 -8.67 27 N N Y MAP3S 
Madsen F 
1 
-7.0 10.0 -20.0 3.0 5.0 6.0 5.0 2.0 12 Y N Y Biweekly 
C 
a 
n 
65.0 * 56.0 10.3 11.0 36 N N N Monthly 
* Denotes significance at the 95th percentile. 
** Flame photometry, atomic absorption, and liquid ion chromatography. 
Vet
higher than weekly measurements for every analyte reported. In the present study, no data points 
were removed unless they had been contaminated or grossly mishandled. 
The Vet et al. study (1988) took place in Ontario, Canada, and accumulated data for 36 
months. This study was conducted on a monthly basis and was concerned mainly with bulk 
versus wet-only sampling results. Comparisons of monthly to daily measurements were made, 
and the results showed that calcium and magnesium were more than 50 percent higher in monthly 
samples. 
Test for Sample Evaporation 
Evaporation of samples left in the field collector for one week could not be detected in 
this study. A comparison of daily composite and weekly sample volumes showed no biases. 
Figure 3 demonstrates the agreement between weekly and daily volumes. The line in the figure 
shows the one-to-one relationship. Because there is such excellent agreement between the daily 
and weekly volumes, all further comparisons are based on concentration alone. 
Test of Samples with Complete Measurement Sets 
To preclude any biases that may accrue from low-volume or no-volume samples, the 
initial comparison of daily and weekly samples was limited to those weekly or composite daily 
samples in which all analytes were measured/analyzed for all samples. Table 4 summarizes the 
data collected. None of the samples used for this initial comparison were low-volume "trace" 
samples or no-volume "blank" samples, nor were they coded for gross contamination or 
mishandling. In other words, each uncontaminated, one-week NADP precipitation sample with 
a complete set of analyses was compared with one or more uncontaminated daily precipitation 
samples with a complete set of analyses. These criteria were all satisfied in 40 cases (or weeks). 
Recall that 8 of these 40 cases were analyzed earlier to test for bias in the experimental design 
(see Experimental Method). For each set of daily samples in a case (i.e., one week), the weighted 
average concentration of each conservative ion was calculated, using the formula: 
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Figure 3. Sample volume comparison 
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Table 4. Summary of Data Collected 
Samples with 
complete analyses 
Low-volume 
samples out 
of total 
No-volume 
samples out 
of total 
Daily data 88 33/81 16/43 
Weekly data 40 0/33 0/16 
Total pairs 40 33 16 
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where the volume-weighted average concentration, Cv, was calculated from the sample volumes, 
Vj, and sample concentrations, Cj. M was the number of daily precipitation samples in the week. 
Based on the volume-weighted average daily concentrations and corresponding weekly 
concentrations, the data set of 40 pairs of concentrations was created. The concentration 
distributions for the various ions were calculated for each of the 40 cases. Four statistical tests 
were applied to these distributions, three nonparametric and one parametric, to assess whether 
the daily composite data were biased relative to weekly measurements. A summary of the results 
of the statistical tests is presented in table 5. 
The rank correlation or Spearman test is a nonparametric test that uses data ranks, rather 
than data values. The volume-weighted average daily concentration and the weekly concentration 
for each variable are ranked separately. Then the differences between the ranks of paired 
observations are calculated to measure the disagreement between the pairs. The sum of squares 
of these differences is calculated and then scaled to fall between 1 (perfect agreement) and -1 
(perfect disagreement). This test is sensitive to data extremes, and therefore it was the least 
preferred of the tests in this study. Data from this test suggest that the agreement between daily 
and weekly measurements is excellent, except for ammonium concentrations. 
The Wilcoxon signed rank test is designed for use with paired data, such as the 
concentration distributions from the daily and weekly sample sets. Each pair of values is 
compared by subtracting one from the other and converting the difference to a percentage. While 
the absolute magnitude of the differences is unimportant, the signs and ranks of the differences 
are important. These are used in the computation of the Z test statistic, which has a near-normal 
distribution. Values of 5 percent or less for the probability indicate that the null hypothesis (that 
is, the mean differences in the paired data set are zero) can be rejected at the 5 percent level of 
significance. Based on this test, all ions are accepted at the 95 percent level, except chloride. 
In the Kolmogorov-Smirnov two-sample test, the cumulative frequency distribution 
functions are determined for the two samples. Then an assessment is made as to whether the two 
functions can be independently drawn samples from the same population. Distances between the 
two distribution functions are calculated, and the significance levels of these deviations are shown 
in the table. A significance level of 5 percent or less indicates that the two samples (daily 
composite versus weekly) represent different phenomena. None of the values in the table are 
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Table 5. Statistical Results for Samples with Complete Chemical Analyses (percent) 
Rank 
correlation 
Wilcoxon 
signed rank 
Kolmogorov-
Smirnov 
Student 
t-test 
Calcium 99.98 10.5 97.2 85.5 
Magnesium 100 48.9 94.9 91.6 
Potassium 98.8 64.8 67.7 63.6 
Ammonium 40.1 10.5 78.47 39.7 
Sodium 91.35 66.2 92.92 87.7 
Nitrate 98.8 92.0 97.11 75.4 
Chloride 75.9 3.3 * 93.15 80.5 
Sulfate 98.8 36.8 96.25 75.3 
* Denotes significanc e at the 95th percenti] e. 
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statistically significant, although ammonium and potassium concentration distributions are below 
80 percent. 
The student t-test is a parametric test that assumes that the data come from a normal 
distribution. All of the comparisons fall within the 95 percent confidence interval and therefore 
"pass" the student t-test. However, potassium and ammonium are closest to being rejected. 
While all the tests showed ion concentration distributions to be in agreement at a 
significance level of 5 percent, ammonium, chloride, and potassium showed consistently lower 
significance. Based on this weight of evidence, the concentrations of these three ions in these 
weekly and daily samples are most likely to be different. 
Sensitivity of Weekly Versus Daily Comparison to Size of Daily Set 
This study was designed to compare paired weekly and daily data sets by calculating a 
volume-weighted average concentration for the daily sample set for each week. This approach 
was used because it affords a direct and unambiguous comparison of samples collected in a 
controlled experiment in which paired observations are possible. Most other studies have not had 
the advantage of paired observations. Further, pairwise statistical tests yield more powerful and 
more insightful results. 
One question not yet addressed is whether contamination due to the number of samples 
in the daily set could bias the results. Each sample container is cleaned at the CAL according to 
NADP/NTN procedures; regular blind tests are performed to assess the effectiveness of these 
cleaning procedures. According to these tests, the contaminant masses are low enough to meet 
NADP/NTN standards, but they are not zero. As a result, each container has some background 
or "blank" contamination. Further contamination could result from sample handling when the 
container is installed and removed from the collector, when it is weighed and measured in the 
field laboratory, and when it is unpacked and processed at the CAL. Each handling step could 
contribute to the blank contaminant mass. While the importance of this contamination on 
comparisons of daily and weekly data has not been reported in the literature, the results of one 
previous study suggested a blank contamination problem (dePena, et al., 1985). In that study, the 
ion concentrations in daily samples were higher than in weekly samples for every analyte 
reported. The low bias observed for every analyte in weekly samples was unique to that study. 
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To address the possible importance of blank contamination, an analysis of variance 
(ANOVA) was performed. The ANOVA is a test that compares the variance and the way the 
variance is partitioned in a data set to determine the relationship between the variance and some 
external variable. In this study, the ANOVA was applied to the ion concentration differences 
between the paired weekly and daily composite sets. The number of samples in the daily 
composite sample set was the prespecified external variable. ANOVA tests were performed for 
each conservative ion; the 56-pair data set was made up of the 40-pair set containing no low-
volume or no-volume samples plus the 16-pair set with one no-volume sample (see table 4). 
To display the results of these tests, "notched box-and-whisker" plots were used. Figure 
4, an example of one of these plots, contains labels showing the meaning of the various marks. 
These plots display the 10th and 90th percentile values, the upper (75th percentile) and lower 
(25th percentile) quartile ranges, the median (50m percentile), and extreme values that lie outside 
of the "whiskers." The width of the box is proportional to the square root of the number of data 
points being displayed, and the notch surrounding the median provides a measure of the 95 
percent confidence interval about the median. This confidence interval is based on the variability 
of the data set, and it is defined mathematically in the figure. 
Figure 5 shows the notched box-and-whisker plot for magnesium concentration differences 
as related to the number of samples in the daily composite set. Concentration differences were 
calculated as the weekly sample concentration minus the daily composite concentration. Negative 
differences indicated that the daily samples had more mass than the weekly samples. If the 
concentration differences decrease as the number of daily samples in the composite set increases, 
then the blank contaminant mass has a measurable effect on the results. Recall tiiat each sample 
adds its component of contamination to the set. For magnesium, the median concentration 
difference for all sample sizes is approximately zero, which implies tiiat the concentration 
difference is not affected by sample size. This is obvious from figure 5, where the median plus 
the confidence intervals are compared to one another. For each set, consisting of one to four 
samples per week, the confidence intervals overlap. The ANOVA results for each set of ion 
differences verify what is evident from the figure: concentration differences are not affected 
significandy by the number of samples in the daily composite set for magnesium. 
Results of the ANOVA tests for the other ions showed tiiat the number of samples in the 
daily composite set was not an important factor in concentration differences between weekly and 
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Figure 4. Notched box-and-whisker plot 
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Figure 5. Analysis of variance 
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daily samples; therefore, blank contamination was not an important factor in this study. From 
these results and the finding that the data were not sensitive to the number of samples collected, 
the 16 samples that contained a no-volume blank sample were included in the chemical 
comparisons of the two data sets. 
Test of Samples with Complete Measurements Plus No-Volume Sample Sets 
Table 6 presents the statistical summary of the comparisons of data sets of daily and 
weekly concentrations. The complete measurements of the 40-pair data set summarized in table 
4 are combined with the 16-pair data set containing a no-volume blank sample. The statistical 
results in table 6 are stronger than in table 4 due to the larger data set. While the results are more 
obvious, all distributions are statistically insignificant at the 95 percent level. Notice that 
ammonium and chloride are now closer to having statistically significant differences in the daily 
and weekly distributions. 
Assessing the Importance of the Unmeasured Mass from Low-Volume Samples 
Of the 237 daily samples collected, 33 (or nearly 14 percent) were volumes of less than 
about 10 milliliters (mL). This is the operationally defined minimum volume needed to process 
a sample according to the CAL protocol. Samples of more than 10 mL are filtered and analyzed 
to obtain the full suite of cation and anion measurements, while samples of 10 mL or less are 
not filtered or measured for conservative cations or anions. If the volume of these samples is 
greater than 2 mL, a pH measurement is attempted. If the volume is greater than 5 mL, pH and 
conductance measurements are tried. Application of these standard procedures is contingent upon 
the quality of the sample and the success (or stability) of the attempted measurements. 
Measurements of samples with visible extrinsic contamination are avoided to preclude adsorption 
of contaminants to the glass pH electrode. Since chemical concentrations of ~17 percent of the 
samples are unknown, an approach was needed to assess the importance of the unmeasured mass 
of these samples. 
Some of the previous studies acknowledged the existence and possible importance of the 
unmeasured mass in low-volume samples, although no specific tests have been reported. In this 
study, data from the daily sample set with reported measurements were used to model or estimate 
the "missing mass" from samples with no measurements. The 115 daily samples, which 
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Table 6. Statistical Results for Samples with Complete Chemical Analyses Plus No-Volume Samples (percent) 
Rank 
correlation 
Wilcoxon 
signed rank 
Kolmogorov-
Smirnov 
Student 
t-test 
Calcium 97.93 12.6 99.88 85.5 
Magnesium 95.76 52.4 99.99 91.6 
Potassium 76.72 46.5 97.9 63.6 
Ammonium 83.04 28.7 33.38 39.7 
Sodium 93.75 39.6 99.99 87.7 
Nitrate 97.79 76.9 97.9 75.4 
Chloride 94.79 2.2* 77.41 80.5 
Sulfate 97.59 56.0 99.9 75.3 
* Denotes significance at the 95th percentile. 
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comprised the 56 composite samples analyzed previously, were used to make mathematical 
estimates of the measurements for the 33 unmeasured low-volume samples. 
Based on scavenging theory, a relationship between concentration and volume is expected. 
For example, a soluble salt in the form of a monodispersed aerosol in the atmospheric boundary 
layer is captured by falling raindrops at a rate that approximates its concentration. That is, the 
removal of aerosol mass is proportional to the mass present This is referred to as a "first-order 
removal process," and the expected relationship of concentration to sample volume is logarithmic. 
None of the ions in precipitation samples strictly follow this simple conceptual model because 
none of the ions exist only in the boundary layer as monodispersed aerosols. Some fraction of 
the mass is scavenged well above the boundary layer during cloud formation. For some ions, a 
fraction of the mass is scavenged as a gas that is chemically transformed in the aqueous cloud 
media. For example, SO2 dissolves in cloud water and is oxidized to sulfate by a number of 
mechanisms, most important of which is oxidation by H2O2. In addition, aerosols in and above 
the boundary layer exist in a whole range of sizes, although sulfate aerosols tend to be submicron 
in size and calcium aerosols tend to be supermicron in size. These factors together result in a 
relationship between concentration and volume that is conceptually more complicated than a 
simple first-order removal process. As a result, the logarithmic model was only one of many that 
were attempted to fit a regressive relationship between concentration and volume. 
Figure 6 depicts the relationship of calcium concentrations versus sample volumes. In the 
figure, the "best fit" line of regression is represented by the solid line, and the two pairs of 
dashed lines represent the 95 percent confidence and prediction limits. The relationship is typical 
of most major inorganic ions in solution. Concentrations in low-volume samples exhibit a large 
variance, while in high volumes the variance is smaller. Concentrations in low volumes also tend 
to be higher than in high volumes; hence the tendency for an inverse relationship between 
concentration and volume. The large variance at low sample volumes reflects the extreme 
variability in atmospheric conditions during small precipitation events. Variations in air 
concentrations, evaporation of cloud droplets and precipitation, and sample contamination from 
collection and handling are all important factors in this variability. For the calcium concentrations 
in figure 6, the "best fit model" was a multiplicative model of the form 
concentration=(expa) (volumeb),  (2)
21 
Figure 6. Regression analysis 
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where a is the intercept, a constant; and b is the slope, also a constant. Values of a and b were 
determined from the minimum variance regression model. For calcium, the regression model was 
This model explained 53.01 percent of the total variance of the calcium concentrations (hence 
R2 = 53.01). 
Table 7 lists the best fit models for each ion. For all ions, the best fit model was a 
multiplicative regression of concentration to volume. These models had an R2 ranging from 5.37 
percent for sodium to 53.01 percent for calcium. Given the large variability in precipitation 
chemistry data, models that account for half or more of the variance are very successful. 
These models were used to estimate the concentrations in low-volume trace samples 
having no measured concentration data. Thirty-three sets of daily samples contained a trace 
sample with no measured concentrations. Having estimated concentrations for these trace 
samples, volume-weighted average concentrations for the 33 sets were calculated. Composite 
concentrations for the 33 sets were calculated in an analogous fashion. As a basis for comparison, 
volume-weighted average concentrations for these 33 sets also were calculated assuming zero 
concentration and mass. This approach was used in some previously published studies. These two 
cases, one with a modeled or estimated mass and one with zero mass, were then compared with 
the full 56-pair data set. Since the 56-pair data set included no samples with missing 
measurements, the hypothesis was that its data distribution would emerge from the same 
population as the 33-pair data set with the modeled masses. Consequently, the 33-pair data set 
with zero-mass trace samples would have to be from a different population. 
Table 8 lists the results obtained from comparing the 56 composite daily concentrations 
to both the modeled trace samples and the trace samples with the missing concentration set at 
zero. Two statistical tests were used to compare the distributions, the Kolmogorov-Smirnov test 
and the student t-test. The first is a nonparametric test that exerts much less severe constraints 
on the actual distribution of data points. The student t-test is a parametric analysis; but data sets 
in this study contain significant outliers that could bias the results. In every case except nitrate, 
a better correlation was obtained between the 56 data points and the calculated trace values than 
the trace values left as zero. While none of the results were significant at the 95 percent level, 
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Table 7. Regression Analysis Results 
Correlation (R2) 
(percent) 
Regression equation 
Calcium 53.01 e
(2.28)*X(-.714) 
Magnesium 41.48 e
(.145)*X(-.576) 
Potassium 20.80 e
(-.16)*X(-.439) 
Ammonium 23.39 e
(1.373)*X(-.463) 
Sodium 5.37 e(-1.15)*X(-.226) 
Nitrate 39.17 e
(3.202)*X(-.417) 
Chloride 12.96 e
(.208)*X(-.268) 
Sulfate 19.26 e
(2.614)*X(-.252) 
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Table 8. Assessing the Importance of Unmeasured Mass from Low-Volume Samples 
Trace sample 
concentration 
Kolmogorov -
Smirnov 
(percent) 
Student 
t-test 
(percent) 
Calcium 
Zero 96.2 24.0 
Calculated 96.9 63.6 
Magnesium 
Zero 23.4 21.7 
Calculated 36.28 45.2 
Potassium 
Zero 934 13.3 
Calculated 31.34 19.7 
Ammonium 
Zero 10.04 12.9 
Calculated 18.98 21.6 
Sodium 
Zero 44.58 8.5 
Calculated 44.58 9.4 
Nitrate 
Zero 87.50 80.2 
Calculated 71.49 51.5 
Chloride 
Zero 66.94 11.7 
Calculated 66.94 14.8 
Sulfate 
Zero 8.15 16.0 
Calculated 15.25 22.1 
25 
potassium, ammonium, and sulfate were close. At a significance level of 85 percent, the 
distribution of approximately half of the ions was significantly different. This analysis suggests 
better agreement using calculated concentrations for trace samples. Thus these low-volume 
samples contain significant concentrations mat should not be ignored, that is, assumed to be zero. 
If actual chemical analysis is impossible on such small collected volumes, then some 
mathematical procedure must be used to estimate the missing mass. 
Test of AH Valid Data Pairs 
The calculated trace concentrations were used to obtain a composite daily sample for the 
33 weeks in which trace samples were reported. These 33 points were combined with the 56 data 
points previously analyzed to form a data set composed of all valid pairs. A statistical analysis 
was employed once again to compare the daily and weekly concentration distributions. The 
results appear in table 9. Once again, table 9 can be compared to tables 5 and 6. 
Finally, to obtain the best estimate of the differences that could be observed in deposition 
from daily versus weekly sampling protocols, mass differences in the two data sets were 
calculated. The entire 89-point data set was used; for sample sets with trace samples, the mass 
was calculated using the respective algorithms in table 7. For each of the sample pairs an 
absolute mass difference between the weekly and daily values was calculated, and this difference 
was normalized by the daily mass and converted to a percentage. Table 10 lists the average 
normalized mass differences along with the respective standard errors. 
Statistically significant differences were found between the weekly and daily data sets for 
ammonium, sodium, nitrate, and sulfate at the 95th percentile level using the student t-test. The 
student t-test was used in this case because the mean of the distribution being compared to zero 
comes from a normalized data set; hence the use of a parametric test was appropriate. 
These results suggest significant and important losses of ammonium from weekly samples: 
about 12 percent It has been hypothesized (Sisterson et al., 1985) that ammonium degrades 
within the sample due to volatilization or biological conversion of the NH4+ into NO3-. This latter 
mechanism was not supported by this study because the nitrate was higher in the daily than in 
the weekly samples. The nitrate differences were only -7 percent, although at the 95 percent 
confidence level this average difference was significant. Daily sulfate masses were also higher 
by -5.5 percent, which was statistically significant but generally within analytical uncertainty. 
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Table 9. Statistical Results for Samples with Complete Measurements Plus No-Volume Plus 
Low-Volume Samples (percent) 
Rank 
correlation 
Wilcoxon 
signed rank 
Kolmogorov-
Smirnov 
Student 
t-test 
Calcium 97.11 89.75 98.75 84.16 
Magnesium 95.69 70.36 94.59 56.28 
Potassium 75.26 35.94 98.75 64.45 
Ammonium 86.49 18.4 29.84 39.99 
Sodium 91.91 10.15 94.59 91.86 
Nitrate 95.41 64.72 99.89 65.53 
Chloride 94.27 1.98* 75.30 78.11 
Sulfate 97.87 76.14 98.75 79.34 
* Denotes statistical significance at the 95th percentile. 
Table 10. Percent Differences in Mass between Weekly and Daily Sample Sets 
Averaged normalized 
mass differences 
100% [(weekly-daily)/daily] 
Calcium 4.28 ± 4.82 
Magnesium 5.36 ± 5.76 
Potassium 15.31 ± 9.90 
Ammonium -12.08 ± 5.77 * 
Sodium 11.21 ± 5.57 * 
Nitrate -6.77 ± 2.25 * 
Chloride 3.96 ± 3.54 
Sulfate -5.58 ± 2 . 1 3 * 
* Denotes significance at the 95th percentile. 
27 
Finally, it is important to note that all of the alkali and alkaline earth metals were higher in the 
weekly samples, while only the average sodium difference was statistically significant. At ~11 
percent this difference exceeds analytical uncertainties and is important Previous studies, in 
particular Peden and Skowron (1978), have pointed to the slow solubilization of these metals 
from an exchangeable soil particle matrix as the possible cause for higher metal loadings in 
samples of longer duration. 
Test for Ion Balance Differences 
While daily and weekly ion concentrations differ, the effect of these differences on the 
sample acidity remains to be evaluated. To do so requires a calculation of the net ion balance of 
weekly and paired daily samples and then a comparison of the two distributions. The net ion 
balance for a sample is the difference of the anion and cation concentration sums in 
microequivalence units. For weekly samples, this is a straightforward calculation based on the 
actual measurements. For the daily composite samples, the volume-weighted average 
concentrations are first determined, and then used to calculate the net ion balance concentrations. 
To avoid the biases that may accrue from the modeled mass in the trace samples, this analysis 
was limited to the 56-pair data set previously analyzed. The results of the net ion balance 
calculations are reported in table 11. Daily values were subtracted from the weekly values, and 
the differences were then averaged. The table lists the average percent of normalized differences. 
To mitigate the influence of outliers, median differences are also shown. The averages of both 
distributions were compared to zero using the student t-test. Both distributions "passed" the test 
at the 95 percent level, which means that there is no significant difference in the weekly and 
daily ion balance results. Indeed, the average difference of approximately 2 microequivalents per 
liter (µeq/L) is virtually undetectable. Most pH measurement systems are not sufficiently 
sensitive to detect changes of 2µeq/L in free acidity in the pH 4 range of the typical samples 
from central Maryland. As a result, the net effect of anion concentration differences is on average 
offset by the cation concentration differences, which leaves the pH unchanged. 
Examination of the pH measurements for the daily and weekly sample sets confirms that 
the small anion and cation differences offset one another and the pH is unchanged. Figure 7 
shows the cumulative frequency distributions of the daily and weekly pH measurements made 
at the CAL. For the daily samples, the pH values were not calculated from a weighted average 
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Table 11. Statistical Results for Net Ion Balance Differences (percent) 
Average of differences Average of normalized differences 
-2.22 ± 4.64 -36.53 ± 39.74 
Median 1.68 1.15 
Student t-test 63.49 36.21 
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Figure 7. Comparison of pH measurements 
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of the daily samples for a week; rather they were the actual values for each sample. Hydrogen 
ion concentrations are conserved in such calculations, but the actual stoichiometric concentration 
of hydrogen ion is not conserved when samples are composited (Stensland and Bowersox, 1984). 
This occurs because precipitation is collected in a physically open system exposed to atmospheric 
trace gases, in particular CO2, which chemically buffers the system. The distributions in figure 
7 show that the curves are virtually identical, except for the extremes. The lowest and highest 
pH values in the daily data set are more extreme than for the weekly set. These differences 
manifest the weak buffering that occurs when precipitation events of different free acidities are 
composited, as they are during weekly sampling. The larger range of pH measurements in the 
daily set, however, apparently only affects the distribution below the 5th and above the 75th 
percentile. A statistical test of the two distributions suggests that they are from the same 
population, which is consistent with the net ion balance calculations listed in table 11. 
CONCLUSION 
Tests of the experimental design of this study showed no statistically significant biases, 
based on the subset of precipitation samples for which the daily sampling period matched the 
weekly sampling period. The weight of evidence from various tests suggests that low-volume 
samples are important and can significantly bias the comparison of weekly and daily sampling. 
The number of samples in the daily composite set did not significantly affect concentration 
differences between weekly and daily samples, so there was no evidence that bucket blank 
contamination was an important bias in this experiment. Evaporation of samples left in the field 
for one week could not be detected in this study. The normalized differences in mass expressed 
in percentages are listed in table 10. Values that are statistically significant from zero are shown 
with an asterisk. Ammonium in weekly samples appears to have an important low bias and 
sodium an important high bias. These differences are consistent with earlier studies by Sisterson 
et al. (1985) and Peden and Skowron (1978). Cumulative frequency distributions for daily and 
weekly pH measurements are not significantly different, although daily samples have both lower 
and higher values than weekly samples. This observation is consistent with the fact that the 
differences in total cation and anion concentrations typically offset one another. 
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